Steel storage tanks and other structures of such kind of buildings have been extensively designed following the requirements of continuous cyclic operations. Because of many economically based reasons any engineering inspections of a huge volume are very expensive, so numerical investigations of the local defects are practically important. Natural inspection of tank dents (volumes of tanks were from 1 000 to 50 000 m 3 , diameter of dents from 0,40 to 4,50 m, a depth up to 120 mm) has shown that analytical approach of their investigation by using existing design standards is rather complicated. The main objectives of the presented investigations are: to determine an appropriate size of the finite element for geometrical defect modelling on thin wall of the steel cylindrical tank; to identify stress/strain state by using finite element method in the place of the defect; to define the appropriate results of the proposed analytical solutions and requirements of the codes with FEM results. The results, derived from the proposed formulas, are compared to those of natural inspection of real tanks and also with the results obtained by numerical modelling using the finite element method.
Introduction
Rapid development in the world of huge industrial complexes in 1960-1970 became possible due to exact and effective analytical methods of calculations and analysis. It corresponded to the growth rate of the amount of products. Therefore the problems of residual resources of the engineering buildings, their defects, taking into account the operation features have not been considered as the questions of primary importance [1−5] .
At present, considering the accumulated experience in using huge tanks, a deep knowledge of mechanically composed engineering systems and their behaviour as well as data concerning various factors important in an emergency situation have been collected [2−7] .
Major repair or regular inspection of the large capacity thin-walled tankages is very expensive. Steel cylindrical tanks are an individual case of the thinwalled tankages. The common calculation of the tanks is not difficult for analytical and numerical methods. Strengthening of the places, where a perfect calculated form is disturbed, that is, at the spots of incuts, hatches, defects etc is a responsible part of the design of such constructions. The problems of prevention of defects during the operation period and repairs, as well as possibility to assure quickly the safety of defective places of the constructions are more important than the common calculations.
In the classical theory of defects [8−10] estimation of the problem has been presented for the "harp" (incuts, cracks etc) and "soft" (dents, bulges, flaps etc) defects. The "sharp" defects are more dangerous because of a higher risk of the destruction. The "soft" defects are not investigated so widely as the "sharp" ones and their limitation concerns the geometrical parameters only [11−17] . Moreover, the influence of such defects location, their forms, thickness of the wall tank etc has not been taken into account. The above-mentioned reasons show that the "soft" defects are not sufficiently investigated and there is a possibility to improve their evaluation methods. Requirements of the international codes are considered below in details. Codes of designing and operating tanks exist in the USA, Russia and Germany (Table 1) . This parameter f is a depth of the dent. It cannot exceed a definite percentage of the dent diameter. The codes of the above-mentioned countries limit the dimension of the "soft' defects during mounting and operation procedures [11−17] . According to the presented allowable deviations (Table 1) the codes differently limit the sizes of "soft" defects. In the Eurocode [12] the maximum deviation from a perfect form of the structure was proposed. It amounts to 1,6 % of the dent diameter. In this case the structure is considered to be of a good quality, class "C". Accordingly, with smaller defect sizes the structure can be classified as the structure of a very good quality, class "B", or as the excellent quality structure, class "A". The corresponding class of the structure is taken into account when analysing the stability of the shell by safety coefficient for each individual structure. In codes API, DIN and SNIP, the average values of deviations of the defects are used. These allowances are not used in calculations. The considered allowances are very common and do not take into account the place of defects, thickness of the shell, radius etc.
The manufacture and assembling of the cylindrical tanks with a capacity of 5 000−50 000 m 3 are very complicated processes and thus already during putting them into operation the local defects are seen on the walls of the structures. The accumulation of the "soft" defects and the increase of the available ones requires a regular evaluation of the tank fitness for further use. This question is very important for structures with a finishing operation period. A professional conclusion about the mechanical condition of the structure is of prime importance. Alongside with the plans of the company development the following conclusions can be made: a) expensive overhaul and further operation; b) examination of the tank replacement possibility.
On the other hand, actually a lot of tanks with the defect values exceeding those allowable by the codes [6, 7] are practically used, and this fact, as it follows from the observations, does not cause deterioration of the tanks state [6, 7] . For the investigation of each specific case or a group of such problems, a series of simplifying assumptions are introduced taking into consideration the physical sense and the peculiarities of a specific situation [18−22] .
However, the developments of accurate analytical models are particularly essential for the state investigation of the structures to be applied. To date such solutions are of special concern for practising engineers.
Analytical models
As a rule, the "soft' defects cause an increase of the stresses and deformations at the places with "sharp" defects. According to the statistical data the lower strips of the cylindrical tanks are considered as a dangerous area. Undoubtedly it is connected directly with a border effect at the joint site of the tank wall and bottom. As follows from the above-mentioned data, many specialists in their investigations consider a wall having a defect which is supported onto bottom sheet and foundation.
Detection of the more accurate dependences between allowable values factors and parameters of the specific tank in the analysed investigations [7, 14, 21] is based on the analytical relations of the stress distributions, as well as on results of the observations of the defects on the tanks used. The methods of the defect evaluation on the pipes [23−25] , as well as calculations of the stress concentration factors on the tensile plates [24] were widely applied for getting formula for calculating stress concentration factors. The most dangerous points for the dent are upper points "b" of its contour and its middle point "a" (Fig 1) . The most dangerous stress concentration factor with "variable success" is available in the areas mentioned. One more important feature when determining the stress concentration factor is appearance of its largest value in the region between points "a" and "b". The rest points of the dent are less loaded or unloaded in comparison with stresses on the wall of the tank without a defect.
The basic geometrical parameters of the defect can be relative radius values
and relative depth
The proposed formulas for the analysis of the wall stress condition across the dent area are expressed by a polynomial with empirical factors (Table 2) [7] . In this case, in contrast to the codes the influence of the thickness t and radius R of the tank wall is taken into account, besides the principal differences between middle and contour points are indicated. The similar approach was used by other authors (Table 2 ) [14, 21] . They in their turn proposed the given ratios on the basis of the structure state analysis and investigations of other researchers as well as requirements of the standards. The results of b a analysing stress condition of the wall tank ( Fig 2) of specific capacity with initial parameters 11,5 = R m, 12,0 = H m, 7 = t mm are different when the methods considered are used.
It is obvious that the methods are not perfect enough and opinions concerning investigation of the given object are also different. It should be noted that all subjected formulas take into account elastoplastic deformations of the material. 1 . β=5 [14] 2. β=5 [21] 4. β=5 [7] 3. β=5 Variation of the stress concentration factor as a function of the dent relative depth, when β = 5 Here q, s -empirical factors; β -relative radius of the dent; γ -relative depth of the dent; f -depth of the dent; t -thickness of the shell in the defect place; r -radius of the dent; R -radius of the shell; p -pressure on the shell; D -diameter of the shell; λ 1 -factor which takes into account the defect influence on the stress distribution in the shell.
Numerical models
In order to check whether formulas (Table 2) are correct, modelling of the defect for a real structure has been performed. In this case the main solutions are made by using a standard finite elements program COSMOS/M [26] .
For solution of the problem by this software (Fig 1) , a portion of the cylindrical tank shell was taken considering conditions of geometrical shape symmetry and loading by the liquid pressure from within. Triangle finite elements (FE) of "SHELL" type are expressed by 3 nodes and described by 18 degrees of freedom (DOF). Dimensions of the finite elements on the defect place do not exceed 1 mm. In order to simulate the real situation, the ground pressure on the tank bottom was considered via conventional rigidities of 10,0 МPа. The created model reflects the natural location of a dent on the entire tank and real conditions of its operation.
A segment of the tank was loaded by self-weight and by the product pressure which has been linearly applied. The selection of the defect shapes was based upon observation of real structures [7, 21, 27, 28] .
Finite elements mesh
In the present research the analysed "soft" defect in the form of a dent has two dangerous areas. They are middle and contour areas of the dent. Within each marked area there are peculiar points of the stresses or displacements concentration. For the examined defect there are points "a" and "b". Across the dent place the distribution of the stresses and displacements during action of the internal pressure on the wall with a defect does not correspond to a classical theory of shells. While investigating concentration of stresses and displacements within the dent area across the cylindrical surface by means of the finite element method in the first place, the question arises about the finite element dimension for sampling within the defect area [29−31] . In order to determine the finite element optimum size the results of the numerical calculations of the tank wall with the dent have been analysed. As a result, one obtained two relationships between value of relative circular stresses σ* and finite element sizes ζ (Fig 3) as well as between relative displacements u* and finite element sizes ζ (Fig 4) at the typical points of the dent.
On the vertical axis of the graphs (Figs 3, 4 ) accordingly relative circular stresses σ* and relative displacements u* of the typical points of the dent are marked. On the horizontal axis, relative sizes ζ of the finite element are indicated. Here relative circular stresses σ* are relations between the circular stress at the defect place and the stress in the shell without defect. The relative displacement u* is a relation between perpendicular to a middle surface of the wall tank displacement in the defect place and displacement of the shell at the same place without a defect.
The ζ value is determined by a relation between finite element size and radius of the dent. For determining the optimum size of the finite element a part the real tank wall with a semi spherical dent was analysed [32−34] . The mean sizes of the defect, β > 1, were considered. Because in case of the imperfection when β = 1 extreme values of the stresses and displacements are always in the peculiar points of the dent. In case of the imperfection when β > 1 point with extreme values can dispose between mentioned points. So for a numerical analysis the largest imperfection should be use more exact mesh of the FE. The basic data of the analysed model of the tank wall are: dent radius r = 851 mm (relative dent radius β = 3), depth dent f = 63 mm (relative depth dent γ = 9), thickness of the bottom t=7 mm, thickness of the wall t =7 mm, tank radius R = 11,5 m. The size of the finite element was changed from 200 mm to 2,0 mm, relative size ζ from 28,6 to 0,3, accordingly. The presented results (Fig 3) clearly show that size of the finite element at the defect place is more important for a contour point's results than for its middle part. The optimum size of the finite element is 50 mm (ζ = 7,1). With such relations between size of the finite element and defect radius the difference between neighbouring results is not more than 1,7 %.
In further calculations a finite element which size does not exceed 50 mm (ζ = 7,1) was used ( Fig 5) . 
Results of calculations by finite elements method

Description of the solutions
In this research as a calculated numerical model of the tank we use the wall part with the local defect which relative radius 5 β ≤ ( 1 β = or 283 = r mm, 3 β = or 851 = r mm and 5 β = or 1418 = r mm) [35] . The imperfection is not considered as local when relative radius β > 5 [28] . For each dent radius mentioned above fifteen numerical calculations using finite elements method (FEM) were performed by changing the defect depth 16 γ 2 ≤ ≤ [36] . Besides, four calculations were made for each new value of the defect:
• linear calculation;
• geometrical non-linear calculation;
• physical non-linear calculation;
• geometrical and physical non-linear calculation. The modified Newton-Raphson force control method for geometrically non-linear calculations was used [26] . For physical non-linearity the diagram of the elasto-plastic material with strengthening in a plastic part was applied [26] .
As a result of each calculation at typical defect points a and b values of stresses and displacements have been determined. Cases of disagreement between maximum values and typical points of the defect are possible [35] . Therefore the values of the stresses and displacements were detected at the points with a maximum value. The place of these points is detected by a radius from a centre point of the dent to the point with the maximum value.
Location of the dent point with maximum value of the stresses and displacements
Here we shall consider location of the dent point with maximum value of the stresses and displacements depending on the defect sizes β, γ and used calculation type (Figs 6, 7) . Location of the point with maximum stresses and maximum displacements accordingly is shown in (Figs 6, 7) . On the vertical axes diagrams of the relative distances z from the defect centre to a point with the extreme value are presented. The relative distance z represents a ratio of an absolute radius l from the defect centre to the point of maximum values and defect radius.
In case of the linear calculation when relative radius and depth of the dent
maximum values of the stresses agree with the defect contour (Fig 6 a) . But when 5 β = , γ 2 ≤ < 5 maximum stresses agree with a middle part of the dent (Fig 6 a) . In case of the geometrical non-linearity calculation (Fig 6 b) and geometrical -physical non-linearity calculation (Fig 6 d) 
≤ ≤ (Fig 6 d ) maximum stresses are located in the middle part of the dent. But when
in all cases of the calculations maximum stresses are positioned on the dent contour (Fig 6 b, 6 c, 6 d) . In case of only physical non-linearity calculations results of the distribution of the maximum stresses (Fig 6 c) are almost equal to linear calculations results (Fig 6 a) Analysing further the calculations results we can see that location of the points with maximum stresses (Fig 6) does not agree with that one of the points with maximum displacements (Fig 7) in case of the same defect. Especially it is obvious for case of the linear calculations (Figs 6 a, 7 a) . Maximum displacements normal to the tank wall within the defect area with its loading correspond to the dent middle portion when (Fig 7 a) . With decrease in the dent radius and increase in its depth the dent contour portion to a larger degree starts its deformation,
≤ ≤ (Fig 7 a) . In case of the physical non-linear calculation the location of the point with maximum displacements (Fig 7 c) agrees with linear calculation results (Fig 7 a) . The calculation with geometrical non-linearity changes location of the point with maximum displacement.
maximum displacements are observed in the middle point "a" or in the middle part of the dent (Figs 7 b, 7 d) . With decrease in dent radius 1 β = and with depth dent
maximum displacements take place on the contour or next contour of the defect (Figs 7 b, 7 d) .
From the above results it follows that in case of small defect radius 1 β = , points having maximum stresses agree with those maximum displacements with all kinds of the calculations. If its radius is increased taking into consideration non-linearity of the structure geometry and material maximum stresses are located between the dent contour and middle areas.
Stresses and displacements concentration factors
In this part of the research distribution of the stress concentration factor (SCF) and displacement concentration factor (DCF) depending on dent sizes, β, γ, and kind of calculation is analysed (Fig 8) . In the linear calculations case SCF increases when radius and depth of the dent increase too, 3 β 1 ≤ ≤ and 16 γ 2 ≤ ≤ (Fig 8 a) . With further increase of defect radius to 5 β = , 7 γ 2 ≤ ≤ SCF continues to grow (Fig 8 a) . Then with increase in depth 10
SCF increases again (Fig 8 a) . The DCF increases at the same time as SCF. But DCF amounts to maximum with decrease in depth, when 5 β = (Fig 8 c) . The linear calculation results are as follows: the maximum stresses are disposed on the contour dent (Fig 6 a) and maximum SCF is ,0 7 = k when 16 γ = , 3 β = . Maximum displacements are on the middle part of the dent and maximum DCF is 0 , 63 χ = when 6 γ = , 5 β = (Fig 8 c) .
The geometrical non-linearity (GNL) of deformation of the tank wall and its material physical nonlinearity (FNL) result is a more uniform distribution of stresses and displacements on the dent surface. It causes the decrease of SCF (Fig 8 b) and DCF (Fig 8 d) . But with every kind of the calculation, GNL and FNL, separately have a different influence on the distribution value of the SCF with the same dent sizes. The SCF and DСF in both calculation cases increase with an increase of dent radius 3 β 1 ≤ ≤ and dent depth 16
. Further, in case of GNL, SCF decreases with an increase of radius to 5 β = ; in case of FNL, SCF increases with variable decreasing and increasing. The DCF increases constantly with increasing of the defect in both calculation cases. In case of geometrical-physical non-linear calculation, values of the SCF and DCF decrease greatly in comparison with linear calculation results (Fig 8 b, d) . It is a result of a more uniform distribution of the deformations. From diagrams we can see, that an increase of the dent radius and depth has less influence on SCF resulting in its decrease (Fig 8 b) . The SCF is ,
. The difference between SCF values with a constant depth of the dent and with increasing its radius is reduced from 35 % at smaller depths of the defect to 5 %,
. In case of the geometrical-physical non-linear calculation, we can see a clear dependence between DCF and sizes of the dent (Fig 8 d) . The DCF increases with an increase of dent sizes, radius and depth. In case of the geometrical-physical non-linear calculation DCF is greatly less than in the linear one. The maximum DCF is 10,1 χ = when 5 β = 16 γ = (Fig 8 d) . The difference between DCF values at a constant depth of the dent and with increasing its radius is to 15 %, when 2 γ = , and to 460 %, when
. Therefore SCF and DCF decrease considerably in case of the geometrical-physical non-linear calculation due to a uniform distribution of deformations. The influence of the depth and radius of the dent on the level value of SCF and DCF decreases [33, 36] .
Maximum SCF and DCF are given in Table 3 . 
The comparison results of the calculations by finite elements method with allowable defect sizes according to the present codes
From comparison of the calculation results and limitations specified by the codes (Table 1) it can be suggested that the given type of defects has not been sufficiently investigated. For comparison of the allowance codes with calculation results obtained according to Eurocode 3 [12] requirements we take a tank classified as that one of good quality class "C" (Table 1 ). In this case considering parameters of the tank to be investigated, when the dent relative radius will be equal to 1 β = , the allowable dent depth 1,3 γ = , then with increase in the dent radius its allowable depth increases: 3 β = 9 , 3 γ = , 5 β = ,5 6 γ = (Fig 9, 10) . It should be noted that with 1 β = the dent is not allowable with all depths to be studied and it requires correction. Then, according to the results presented and taking into account only the linear calculation results (curve "1" Fig 9, 10) , it becomes obvious that sufficiently large SCF values ( According to the comparison results it follows that the dent sizes have to be more actively allowable. But taking into account geometrical and physical nonlinearity in calculations, a curve number "4", SCF and DCF are much less, when 3 β = and (Figs 9, 10 ). Besides SCF decreases with an increase in radius of the dent when the dent depth is constant, DCF increases slightly, this is not being a cause for the tank repair. For example, in case of non-linear calculations, curve number "4" (Figs 9, 10) and with a constant depth dent, 0 , 8 γ = , SCF decreases with increasing of the radius dent,
. Moreover, the dent depth in nonlinear calculations has a small influence on SCF and DCF values, curves number "4" (Figs 9, 10 ). Also, one should keep in mind that when using tanks in practice defects occur considerably exceeding the allowable ones but these tanks still can be successfully operated. On the diagrams (Figs 9, 10), curves "2" and "3" are considered as realisation of the geometrical and physical non-linear calculations depending on defect sizes. From the analytical solutions proposed in the first chapter it follows that the third equation is more appropriate for SCF calculations. It is a curve number "5" on the diagrams (Fig 9) . According to this equation, variation of SCF depending on the dent sizes agrees generally with FEM calculations results (Fig 9) . Analysing further in details each case of the defect β = 1, 3, 5, we can see that in the first case of the defect ( 1 β = ) SCF is less, as seen from the proposed formula, than FEM results (Fig 9 a) . When the dent radius 5 β = , the proposed formula gives a great safety factor in comparison with FEM results (Fig 9 c) . But SCF by proposed formula is bigger than in case of calculations FEM, when 3 β = and 13 γ 2 ≤ ≤ , 15 γ ≥ . The SCF is equal in case of both methods, when 3 β = and 14 γ = (Fig 9 b) . The proposed equation cannot be used in case of the nonlinear calculation because of a great safety factor. Therefore it follows from this chapter that allowances of the "soft" defects should be made more exact. The allowances of the defect sizes specified by codes can be increased.
Conclusions
On the basis of the proposed investigation the conclusions are made:
1. When analysing the stresses and displacements across the defect area, the relative appropriate size of the finite element is ζ = 7,1.
2. When the dent radius 1 β = , location of the points with maximum stresses agrees with that one of the points with maximum displacement in all cases of calculations. In case of the bigger dent radius, 3 β = , 5 β = , and in non-linear calculations, maximum stresses are disposed between the dent contour and middle points, maximum displacements are disposed in the middle part of the defect.
3. The SCF and DCF decrease greatly in case of the geometrical-physical non-linear calculation due to the uniform distribution of deformations. The influence of the depth and radius of the dent on the level value of SCF and DCF decreases.
4. The maximum stresses of the linear calculations are disposed on the contour dent, and maximum SCF is ,0 7 = k when 16 γ = , 3 β = . Maximum displacements of the linear calculations are on the middle part of the dent, and maximum DCF is 0 , 63 χ = when 6 γ = , 5 β = .
5. The maximum stresses of the non-linear calculations are disposed on the contour dent, and maximum SCF is ,0 2 = k when 2 γ = , 1 β = .
Maximum displacements of the non-linear calculations are on the middle part of the dent, and maximum DCF is 1 , 10 χ = when 14 γ = , 5 β = .
6. From the analytical solutions proposed in the first chapter it follows that the third equation is more appropriate for SCF calculations. According to this equation, variation of SCF depending on the dent sizes agrees, generally, with FEM calculations results.
7. The allowances of the "soft" defects should be made more exactly. The results of carried out investigations witness that allowances of the defect sizes specified by codes can be increased. For a more precise determination of acceptable allowances additional numerical and experimental investigations should be performed.
